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The desmosomal cadherins, desmogleins (Dsgs) and 
desmocollins (Dscs), comprise the adhesive core of 
intercellular junctions known as desmosomes. Al- 
though these adhesion molecules are known to be critical 
for tissue integrity, mechanisms that coordinate their traf- 
ficking into intercellular junctions to regulate their proper 
ratio and distribution are unknown. We demonstrate that 
Dsg2 and Dsc2 both exhibit microtubule-dependent 
transport in epithelial cells but use distinct motors to traf- 
fic to the plasma membrane. Functional interference with 
kinesin-1 blocked Dsg2 transport, resulting in the assembly 



of Dsg2-deficient junctions with minimal impact on dis- 
tribution of Dsc2 or desmosomal plaque components. In 
contrast, inhibiting kinesin-2 prevented Dsc2 movement 
and decreased its plasma membrane accumulation 
without affecting Dsg2 trafficking. Either kinesin-1 or -2 
deficiency weakened intercellular adhesion, despite the 
maintenance of adherens junctions and other desmosome 
components at the plasma membrane. Differential regu- 
lation of desmosomal cadherin transport could provide 
a mechanism to tailor adhesion strength during tissue 
morphogenesis and remodeling. 



Introduction 

Multicellular organisms depend on intercellular junctions — gap 
junctions, tight junctions, desmosomes, and adherens junctions — 
to physically and chemically link cells within a tissue. The co- 
ordinated assembly of these multiprotein complexes at the plasma 
membrane is essential for establishment and maintenance of epi- 
thelial polarity and tissue integrity during embryogenesis and in the 
adult. Defects in junction assembly and structure lead to human 
inherited and acquired disorders (Takeichi, 1995; Gumbiner, 1996; 
Nollet et al., 1999; Lai-Cheong et al., 2007). Despite their central 
importance in development and disease, surprisingly little is known 
about specific mechanisms driving plasma membrane targeting of 
the transmembrane building blocks of intercellular junctions. 

One key question is how different transmembrane pro- 
teins destined for the same junction are synthesized, trafficked, 
and assembled into a single, complex, highly ordered structure. 
A good example of this problem is seen with desmosomes, whose 
correct assembly and function are critical for cell-cell integra- 
tion in tissues that experience mechanical stress, such as skin 
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and heart (Lai-Cheong et al., 2007). As with adherens junctions, 
desmosomal adhesion is mediated by members of the cadherin 
family (Garrod et al, 2002; Dusek et al., 2007). Although adhe- 
rens junctions typically contain a single classical cadherin that 
anchors actin microfilaments to the membrane through a series 
of adapter proteins, desmosomes contain two cadherin types, 
desmogleins (Dsgs) and desmocollins (Dscs), which link inter- 
mediate filaments to the cell surface (Koch and Franke, 1994; 
Garrod et al, 2002; Dusek et al., 2007; Green et al., 2010). Both 
Dsgs and Dscs are required to confer adhesive properties on 
normally nonadherent cells, and both are required for normal 
desmosome function (Kowalczyk et al., 1996; Marcozzi et al., 
1998; Tselepis et al., 1998; Getsios et al, 2004). However, the 
molecular machinery responsible for driving Dscs and Dsgs from 
a vesicular compartment to the plasma membrane and the ex- 
tent to which these mechanisms are shared by the two types of 
desmosomal cadherin are unknown. 

Microtubule (MT)-based motor proteins in the kinesin super- 
family support vesicular transport toward the cell membrane 
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(Hirokawa et al, 1991 ; Vale, 2003; Verhey and Hammond, 2009). 
Previous studies suggest that kinesins interact with classical cad- 
herins and their associated binding partners. For instance, con- 
ditional knockout of KAP3, the nonmotor accessory subunit 
of kinesin-2, results in a decrease in levels of N-cadherin and 
fj-catenin at cell-cell contacts in embryonic mouse neural precur- 
sors (Teng et al., 2005). An increase in cytoplasmic staining of 
N-cadherin was reported, without changes in overall expression, 
suggesting a defect in transport of N-cadherin to the cell surface. 
In another example, kinesin-1 was reported to interact with the 
N-terminal head domain of pl20 catenin (Chen et al., 2003; 
Yanagisawa et al., 2004). In cells expressing wild-type pl20, but 
not a kinesin binding-deficient mutant, endogenous kinesin- 1 is 
recruited to vesicles containing classical cadherin to transport 
them to the plasma membrane. The pl20-related molecule p0071 
(plakophilin-4) has also been shown to interact with the kinesin-2 
subunit KIF3B (Keil et al, 2009). 

In the case of desmosomes, Dsgs and Dscs are synthesized 
as soluble proteins that subsequently become insoluble, followed 
by their transport to cell-cell contacts (Pasdar and Nelson, 1989; 
Gloushankova et al., 2003) and the development of cell-cell adhe- 
sion (Mattey et al., 1990) through homophilic or heterophilic inter- 
actions (Chitaev and Troyanovsky, 1997; Garrod and Chidgey, 
2008; Nie et al., 2011). Early studies of calcium-mediated des- 
mosome formation showed that desmosomal cadherins have dif- 
ferent distributions during junction formation (Watt et al., 1984), 
and Dscs may initiate assembly of desmosomes, whereas Dsgs 
arrive later to stabilize the complex (Burdett and Sullivan, 2002). 
Data also support the idea that desmosomal cadherin transport 
to the plasma membrane is MT dependent (Pasdar et al., 1991), 
but the molecular machinery required for transporting vesicles 
containing desmosomal cadherins to intercellular junctions is un- 
known. Here, we show that the temporal and spatial coordina- 
tion of Dsg2 and Dsc2 assembly into intercellular junctions is 
controlled by distinct mechanisms involving different kinesin 
motors. Although the Dsg2 cytoplasmic tail associates specifi- 
cally with the kinesin-1 (KIF5B), the Dsc2 tail associates with 
kinesin-2. Furthermore, RNAi-mediated depletion of kinesin-1 
or kinesin-2 blocked transport of Dsg2 and Dsc2, respectively, 
with little or no effect on the desmosomal cadherin counterpart. 
Genetic interference with either motor protein results in epithe- 
lial cell sheets with considerably weakened intercellular adhesion 
caused by the loss of the respective cadherin from intercellular 
contact sites. Separation of the trafficking pathways governing 
Dsc2 and Dsg2 exocytosis provides a potential mechanism to 
tailor desmosome structure and function during development and 
epithelial remodeling. 

Results 

□ sgS and DscS exhibit: distinct: cellular 
distributions and require MTs for rapid 
accumulation at intercellular junctions 

A previous study suggested that Dsc2- and Dsg2-containing 
vesicles exhibit different transport kinetics during calcium- 
induced desmosome formation, but the underlying basis for this 
difference was not addressed (Burdett and Sullivan, 2002). 



To determine the spatial and temporal behavior of Dsg/Dsc 
vesicular carriers, we analyzed the distribution of endogenous 
cadherins 30 min after a Ca 2+ switch to trigger intercellular junc- 
tion formation. At this time point, nascent desmosomes begin 
to appear at cell-cell interfaces, but intracellular desmosomal 
cadherins have not yet cleared the cytoplasm. Immunofluores- 
cence analysis revealed that a proportion of Dsg2 and Dsc2 
colocalized at cell-cell junctions as expected; however, Dsg2 
and Dsc2 were frequently observed to be distributed in distinct 
particles within the cytoplasm (Fig. 1 A). Time-lapse imaging 
of Scc9 cells coexpressing Dsg2-mCherry and Dsc2-GFP re- 
vealed directly that Dsg2-mCherry and Dsc2-GFP localize to 
distinct vesicle populations that move independently in living 
cells (Video 1). 

As an earlier study suggested that Dsg may be trans- 
ported in an MT-dependent manner (Pasdar et al., 1991), we 
coexpressed Dsg2-GFP and tubulin-mCherry and performed 
time-lapse imaging. Analysis of these images revealed Dsg2- 
GFP particles moving along MT tracks toward to the plasma 
membrane (Fig. 1 B and Video 2) and to sites of nascent des- 
mosome assembly in contacting cells (Fig. 1 C and Video 3). 
Accumulation of Dsg2 and Dsc2 proteins at cell-cell junctions 
was significantly inhibited in Scc9 cells treated with the MT an- 
tagonist nocodazole (10 uM) for 1 h before a 30 min Ca 2+ switch 
compared with DMSO-treated controls (Fig. 1 D). Only after 
1.5 h post-Ca 2+ switch did both desmosomal cadherins begin 
to appear at the sites of cell-cell contact compared with 30 min for 
the control population (unpublished data). Together, these data 
show that Dsg2 and Dsc2 exhibit long-range MT-dependent 
trafficking in separate vesicles before reaching cell-cell inter- 
faces where they incorporate into desmosomes. 

Kinesin-1 is required for DsgS, but not 
DscS, transport 

Kinesins comprise a large superfamily of motor proteins that 
drive vesicle transport along MTs, mostly toward the cell pe- 
riphery (Vale, 2003; Hirokawa and Takemura, 2005). Kinesin-1, 
or conventional kinesin, is abundantly expressed in many cell 
types (Vale et al., 1985; Hirokawa et al., 1989) and was shown 
to be involved in vesicle transport from the trans-Golgi to the 
plasma membrane (Hirokawa et al., 199 1 ; Lippincott-Schwartz 
et al., 1995; Wozniak and Allan, 2006; Jaulin et al., 2007). 
Kinesin-1 was also shown to play an important role in accu- 
mulation of N-cadherin at cell-cell junctions in fibroblasts 
(Chen et al., 2003). Immunofluorescence analysis of endog- 
enous kinesin-1 heavy chain (KHC) and Dsg2 in Scc9 cells 
revealed partial colocalization of these proteins (Fig. 2 A). In 
addition, endogenous Dsg2, but not Dsc2, coimmunoprecipi- 
tated with ectopically expressed Myc-tagged KHC (Fig. 2 B) 
in Scc9 keratinocytes, demonstrating a selective association 
between Dsg2 and KHC. Furthermore, a recombinant Dsg2 
cytoplasmic tail fused to GST, but not Dsc2-GST, pulled down 
endogenous KHC from Scc9 and A431 cell lysates (Fig. 2 C 
and Fig. S2 A). Finally, recombinant His-tagged KHC tail 
(KHC tail-His) associated with Dsg2, but not Dsc2, in kera- 
tinocyte cell lysates (Fig. 2 D). Together, these data support 
the idea that the cytoplasmic domain of Dsg2 specifically 
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Figure 1 . Desmosomal cadherins require MTs for rapid accumulation at intercellular junctions. (A) Dual-label immunofluorescence revealed that Dsg2 
and Dsc2 colocalize at cell-cell junctions but are present in separate cytoplasmic vesicles. Boxes indicate areas of magnification on the right. (B) Cells 
coexpressing Dsg2-GFP and tubulin-mCherry (blue] were imaged at 5-s intervals (Video 2). Dsg2-containing vesicles move along MTs toward the plasma 
membrane. (C) Contacting cells expressing Dsg2-GFP and tubulin-mCherry were imaged at 5-s intervals. Video 3 shows the cropped area in the left image. 
White brackets indicate cell-cell contact. Green track shows the path taken by a Dsg2-containing vesicle to the contact site. (D) Scc9s were switched to 
low-calcium medium (LCM) for 2 h before incubation with nocodazole for 1 h in low-calcium medium and then switched to normal Ca 2+ (with or without 
nocodazole) for 30 min to trigger junction assembly. Cytoplasmic Dsg2 and Dsc2 vesicles are present in control (Cntrl) and nocodazole (noc)-treated cells 
in low-calcium medium. Disruption of MT delays Dsg2 and Dsc2 assembly at newly forming cell-cell interfaces. Bars: (A [left] and D) 20 urn; (A [right] and C) 
10 pm; (B) 5 urn. 



associates with the KHC tail, a region known to mediate bind- 
ing of motors to vesicular cargo. To further examine whether 
endogenous Dsg2 and KHC interact in cells, we performed a 
proximity ligation assay (PLA), which serves as a reporter of 
proteins in a complex (see Materials and methods). In brief, 



primary antibodies to proteins of interest are derivatized with 
short nucleotide stretches that, when two molecules are within 
20-100 nm of each other, form a closed DNA circle. The cir- 
cle acts as a template for rolling circle amplification, incorpo- 
rating fluorescently labeled nucleotides. Red fluorescent spots 
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Figure 2. Dsg2 associates with kinesin-1. (A) Dual-label confocal microscopy showing Dsg2 (left) and Dsc2 (right) with KHC. Under these experimental 
conditions, the KHC antibody results in a combination of particulate and fibrous staining, the latter likely representing MTs. A subset of Dsg2-positive 
particles colocalize with KHC (yellow circles), whereas Dsc2-positive particles do not colocalize with KHC (blue circles). Boxes showed the zoomed areas. 
Bar, 10 urn. (B) Myc-tagged KIF5B was transfected into Scc9 cells, subjected to immunoprecipitation, and immunoblotted for Dsg2 and Dsc2. Dsg2, but 
not Dsc2, associated with KHC-Myc. (C) Recombinant Dsg2 cytoplasmic tail-GST or Dsc2 cytoplasmic tail-GST were incubated with Scc9 cell lysates. 
Retained proteins were immunoblotted for the presence of KHC. KHC associates with Dsg2 tail-GST but not Dsc2 tail-GST. (D) Recombinant His-tagged 
KHC tail was incubated with Scc9 cell lysates, and retained proteins were tested for the presence of desmosomal cadherins. Dsg2, but not Dsc2, associates 
with the KHC tail. (E) Proximity ligation assay (PLA) was performed as described in Materials and methods (bottom left) using primary antibodies directed 
against Dsg2 or Dsc2 coupled with KHC antibodies on nontargeting (NT) siRNA (siNT; top) or siKHC-treated Scc9 cells (middle). Red-labeled particles 
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in cells indicate sites where Dsg2 and KHC interact in situ 
(Fig. 2 E). The interaction was abrogated by silencing KHC 
using siRNA oligonucleotides (oligos). Knockdown of KHC 
resulted in ^70% reduction in the level of KHC without having 
a measurable effect on the total level of desmosomal or classi- 
cal cadherin proteins (Fig. 2 F and Fig. S2 B). 

To test whether kinesin-1 drives Dsg2 within the cell, we 
doubly transfected Scc9 cells with Dsg2-GFP or Dsc2-GFP and 
short hairpin RNA (shRNA) targeting the same KHC sequences 
present in the siRNA oligos, in tandem with a fluorescent 
mCherry marker. Cadherin behavior was assessed 3 d after KHC 
knockdown at the cell periphery by time-lapse microscopy. This 
experiment and those that follow were performed under steady- 
state conditions (i.e., normal growth media and 1.2 mM Ca). 
shRNA-mediated silencing resulted in ^50% knockdown 
of KHC in the cell population (Fig. 3 D); only those cells re- 
ceiving the silencing vector were analyzed. Long-range Dsg2- 
GFP transport was completely blocked in KHC-deficient cells 
(Fig. 3, A and B and Video 4) compared with control cells. 
Dsc2-GFP dynamics were not inhibited, consistent with the 
idea that Dsc2 does not require kinesin-1 for its transport (Fig. 3, 
A and C; and Video 4). A dominant-negative (DN) mutant of 
KHC (KIF5B tail only) in Scc9 cells similarly impaired Dsg2 
vesicle movement (Fig. SI, A-C; and Video 5). 

To ensure that the observed defects in Dsg2 trafficking 
were specifically caused by loss of kinesin-1, we performed a res- 
cue experiment in which cDNAs encoding Dsg2-GFP or Dsc2- 
GFP were coinjected with or without a cDNA encoding KHC 
fused with fluorescent mCherry (mCherry-KHC) into the nuclei 
of silenced cells. In control cells, newly synthesized Dsg2-GFP 
exited from the Golgi, and the majority of particles engaged in 
rapid long-range transport (Fig. 3 E and Video 6). In siRNA 
KHC (siKHC)-treated cells injected with desmosomal cadherin- 
GFP constructs only, the percentage of particles that exited from 
the Golgi and engaged in long-range movements was reduced 
from 75 to 23%, whereas the percentage of stationary particles 
increased from 10 to 55% (Fig. 3 E). However, in Dsg2-GFP/ 
mCherry-KHC coinjected cells, long-range movements were 
restored up to 48%, and the stationary population dropped to 37%, 
a significant recovery. A smaller proportion of vesicles engaged 
in short oscillatory movements, and the percentage of these did 
not change significantly. Dsc2-GFP behavior was not altered by 
these treatments (unpublished data). 

Kinesin-1 is essential for normal DsgS 
accumulation in desmosomes 

To determine whether Dsg2 incorporation into desmosomes 
is affected by kinesin-l depletion in Scc9 cells, we performed 
immunofluorescence analysis. We used MitoTracker staining 
to find the cells with collapsed mitochondria as an indicator of 
kinesin-l knockdown (Tanaka et al., 1998). Immunostaining of 



endogenous Dsg showed that KHC depletion resulted in a signifi- 
cant redistribution and reduction in Dsg2 fluorescence intensity 
in both Scc9 (Fig. 4, A and B) and A43l cells (Fig. S2, C and D). 
Although total pixel intensity of Dsc2 staining was modestly at- 
tenuated (by ^40%), its organization and punctate distribution at 
cell-cell interfaces was not altered significantly (Fig. 4, A and B ; 
and Fig. S2, C and D). Additionally, E-cadherin accumulation 
and organization were unaltered in KHC-deficient cells, sug- 
gesting that adherens junctions were maintained (Fig. 4, A and B; 
and Fig. S2, C and D). Both plakoglobin (Pg) and the desmo- 
somal plaque protein desmoplakin (DP) retained their normal 
organization and intensity at cell junctions (Fig. S3, A and B). 

To confirm that plasma membrane-associated Dsg2 
was reduced in KHC-deficient cells, we performed cell surface 
biotinylation. Streptavidin pull-down of biotinylated proteins 
followed by immunoblotting for Dsg2 revealed a significant 
decrease in the surface-associated pool of this cadherin com- 
pared with control-treated cells, whereas Dsc2 and E-cadherin 
surface labeling was not significantly affected (Fig. 4 C). 
Together, these data suggest that kinesin-l is important spe- 
cifically for Dsg2 intracellular transport and accumulation 
at desmosomes. 

Kinesin-S is required for normal DscS 
accumulation in desmosomes 

The fact that kinesin-l was not involved in Dsc2 intracellular 
transport prompted us to consider other candidates for cad- 
herin trafficking among the kinesin superfamily. In contrast to 
the broad distribution pattern of kinesin-l, kinesin-2 (KIF3) is 
abundantly expressed in the brain and to a lesser extent in other 
tissues (Aizawa et al., 1992; Cole et al., 1993; Kondo et al., 
1994; Teng et al., 2005). Kinesin-2 has also been reported to 
govern intracellular vesicular transport (Yamazaki et al., 1995; 
Hirokawa, 2000; Brown et al., 2005). Importantly, kinesin-2 
was implicated in the transport of N-cadherin to the cell pe- 
riphery in neuroepithelium (Teng et al., 2005) and was shown 
to be essential for adherens junction positioning in Drosophila 
melanogaster photoreceptors (Mukhopadhyay et al., 2010). 

Confocal fluorescence analysis revealed partial colocal- 
ization of KIF3 A and Dsc2, but not Dsg2, in Scc9 cells, consis- 
tent with an interaction between Dsc2 and kinesin-2 (Fig. 5 A). 
In addition, KJF3A associated with the recombinant Dsc2 tail- 
GST fusion protein but not with Dsg2 tail-GST (Fig. 5 B and 
Fig. S2 A for A43l cells). Finally, Dsc2, but not Dsg2, showed a 
significant interaction with KIF3A in PLA experiments, which 
was inhibited in siKIF3A-treated cells exhibiting ^70% knock- 
down (using two independent targeting sequences; Fig. 5 C). 

To determine whether kinesin-2 (KIF3) serves as the Dsc2 
motor in epithelial cells, we analyzed Dsc2 dynamic behavior in 
control cells or cells expressing a motorless DN KIF3A mutant 
(Jaulin et al., 2007) to inhibit kinesin-2 function (Fig. 6 D). 



indicating protein complex formation were quantified (bottom right) to show significant Dsg2-KHC interactions compared with Dsc2-KHC (number of cells 
per condition = ~l 95; ***, P < 0.001 ), which were abrogated upon KHC knockdown. Bars, 20 urn. (F) Level of KHC knockdown (KD) in PLA experiment 
shown above, representative of five experiments quantified below (**, P < 0.01). Protein expression levels of Dsg2, Dsc2, and E-cadherin (E-cad) shown 
in the top right do not change. Error bars represent SEM. Ab, antibody; Tub, tubulin. 
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Figure 3. KHC knockdown blocked movement of Dsg2 but not Dsc2. (A) First frames show areas (boxes) analyzed by live-cell imaging in control or KHC- 
deficient cells 3 d after transfection (Video 4). The three magnified columns highlight selected vesicles (arrows) at three time points. Vesicle trajectories 
taken from the analyzed area are shown on the right, where colored tracks represent the movement of selected vesicles. Bars, 20 urn. (B) Bar graphs show 
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Figure 4. Knockdown of KHC impairs Dsg2 accumulation at the plasma membrane in Scc9 cells. (A) Scc9 cells in media with 1 .2 mM Ca 2+ were trans- 
fected with siRNA oligos against KHC or control nontargeted (NT) siRNA (siRNA_NT) for 2 d, replated and, after 24 h, stained with MitoTracker (Mito), 
fixed, and colabeled either for Dsg2, Dsc2, or E-cadherin (E-cad). Knockdown of kinesin-1 (indicated by mitochondria collapse, marked by asterisks) inhib- 
its Dsg2 recruitment into the newly forming cell-cell interfaces but does not inhibit Dsc2 and E-cadherin accumulation. Level of knockdown in this experiment 
was comparable with that in Fig. 2 F. Bars, 20 urn. (B) Line scan analyses of border intensities for Dsg2, Dsc2, and E-cadherin were performed for ~50 
borders per each condition with three scans per border (n = ~1 50 for each condition). Borders were chosen randomly from three independent experiments 
per condition. KHC knockdown results in loss of peak intensity for Dsg2 at cell-cell borders (P < 0.001 ) and decreased total pixel intensity of Dsc2 staining 
of ~10% (P < 0.01). (C) Scc9 cells were transfected with siRNA oligos against KHC or nontargeting siRNA and were cell surface biotinylated 3 d after 
transfection. Biotinylated proteins were isolated by streptavidin pull-down, and levels of cell surface biotinylated Dsg2, Dsc2, and E-cadherin were identified 
by immunoblotting (compiled data from the same blot). Average of four independent experiments demonstrates a significant decrease in Dsg2 (*, P < 0.05) 
but not Dsc2 or E-cadherin cell surface expression. Black lines indicate that intervening lanes have been spliced out. Error bars represent SEM. pxl, pixel. 



quantification of distribution of particle movements (equal to instantaneous velocity; for each set of bar P < 0.05) and the ratio of rapid movements to the 
average number of analyzed particles (15-20 particles per cell) in each cell (three to four cells were analyzed per experiment) for Dsg2 in control and 
knockdown (KD) conditions (*, P = 0.03 for the ratio of rapid movements). In kinesin-1 -deficient cells, the number of particle movements and the ratio of 
rapid movements for Dsg2 were decreased compared with controls. shNT, shRNA nontargeting. (C) Distribution of particle movements and the ratio of 
rapid movements to the average amount of analyzed particles for Dsc2 in KHC knockdown cells are similar to the control (P = 0.9). (D) Immunoblot show- 
ing level of KHC knockdown (~50%, n = 3; *, P < 0.05). a-Tubulin (Tub) is the loading control. (E) Maximum projection of time-lapse analysis of cells into 
which cDNAs encoding Dsg2-GFP or Dsc2-GFP (not depicted) were coinjected with or without KHC cDNA into the nuclei of nontargeting (NT) siRNA (siNT) 
or siKHC-silenced cells (Video 6). Representative trajectories of Dsg2-GFP movements are shown in red. Bar, 5 pm. Bar graph on right is a population 
analysis showing particles engaging in long-range, short-range, or stationary movements as a percentage of Dsg2-GFP vesicles. The percentage of long- 
range movements is partially restored by the KHC-mCherry rescue construct (*, P < 0.05). n above the bars represents the number of vesicle trajectories that 
have been analyzed. Number of cells that been analyzed: siRNA nontargeting treated = 7, siKHC treated = 9, and siKHC with KHC-mCherry coinjection = 7. 
Error bars represent SEM. 
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Figure 5. Dsc2 associates with kinesin-2. (A) Dual-label immunofluorescence confocal microscopy showing Dsc2 (right) and Dsg2 (left) with KIF3A. 
A subset of Dsc2-positive particles colocalize with KIF3A (yellow circles), whereas Dsg2-positive particles do not colocalize with KIF3A (blue circles). Boxes 
showed the zoomed areas. Bars, 1 0 urn. (B) Recombinant Dsg2 cytoplasmic tail-GST or Dsc2 cytoplasmic tail-GST were incubated with Scc9 cell lysates, 
and retained proteins were immunoblotted for the presence of KIF3A. KIF3A associates with Dsc2 tail-GST but not Dsg2 tail-GST. Note that the blot is 
the same as on Fig. 2 C. (C) PLA was performed using primary antibodies directed against Dsg2 or Dsc2 coupled with KIF3A antibodies on nontargeting 
(NT) siRNA (siNT; top) or siKIF3A-treated Scc9 cells (middle). Red particles were quantified, showing significant Dsc2-KIF3A interactions (***, P < 0.001 ) 
compared with Dsg2-KIF3A, which were abrogated upon KIF3A knockdown (bottom). Number of cells per condition = ~240. Bars, 20 urn. (D) Level of 
KIF3A knockdown (KD) in the PLA experiment shown above, representative of three experiments on the right (**, P < 0.01). Protein expression level of 
Dsg2, Dsc2, and E-cadherin (E-cad) shown in the bottom middle were unchanged. Error bars represent SEM. Tub, tubulin. 



Time-lapse analysis of Scc9 cells after ^42 h of double trans- 
fection with Dsc2-GFP and RFP-DN KIF3A showed that long- 
range translocation of Dsc2 particles was abrogated. Dsc2 
particles remained stationary or were reduced to short-range os- 
cillatory movements (Fig. 6, A and B; and Video 7), whereas 
Dsg2 trafficking was unaffected (Fig. 6, A and C; and Video 7). 
KIF3A silencing also interfered with Dsc2 transport, and this 
movement was rescued by nuclear coinjection of full-length 
RFP-KIF3A cDNA (Fig. 6 E and Video 8). 



To determine the impact kinesin-2 interference has on 
Dsc2 desmosome accumulation, we silenced either KIF3A 
(Fig. 7 A) or the kinesin-associated protein KAP3 (Fig. 7 B). 
KAP3 is responsible for KIF3 binding to most cargoes via its 
armadillo repeat domain. The overall total protein levels of the 
desmosomal and classical cadherins were not affected by KIF3 A 
or KAP3 siRNA treatment (Fig. 5 D and Fig. 7 B). After KIF3A 
depletion, the intensity of Dsc2 signals distributed within des- 
mosomes was significantly reduced in both Scc9 and A43 1 cells 
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Figure 6. Intracellular trafficking of Dsc2, but not Dsg2, was affected by blocking kinesin-2 function with DN KIF3A. (A) Representative videos show 
behavior of Dsg2- and Dsc2-GFP in cells imaged 12 h after double transfection with motorless DN KIF3A-RFP constructs. First frames show the areas 
(boxes) analyzed (Video 7), and the three magnified columns show selected vesicles (colored arrows) at three time points. Vesicle trajectories taken from 
the analyzed area are shown on the left, where colored tracks represent the movement of selected vesicles. Bars, 20 pm. (B) Distribution of particle move- 
ments (equal to instantaneous velocity; *, P < 0.05 for each set of bars) and the ratio of rapid movements to the average amount of analyzed particles 
(15-20 particles per cell) in each cell (three cells were analyzed per experiment) for Dsc2 in control cells and cells expressing the DN mutant (*, P = 0.05 
for the ratio of rapid movements). Particle movements and the ratio of rapid movements for Dsc2 were decreased in cells with inhibited kinesin-2 function 
compared with control cells. (C) Distribution of long vectors and the ratio of long vectors to the average amount of analyzed particles (15-20 particles in 
each cell) for Dsg2 in cells expressing DN KIF3A are similar to that observed in control cells (P = 0.8). (D). Immunoblot showing level of DN KIF3A-RFP 
expression and total level of endogenous KIF3A for experiments in A and B. Cntrl, control. (E) Maximum projection of time-lapse analysis of cells into which 
cDNAs encoding Dsc2-GFP or Dsg2-GFP (not depicted) were coinjected with or without KIF3A cDNA into the nuclei of nontargeting (NT) siRNA (siNT) or 
siKIF3A-silenced cells (Video 8). Bar, 5 pm. Representative trajectories of Dsc2-GFP movements are shown in red. Bar graph on the right is a population 
analysis showing particles engaging in long-range, short-range, or stationary movements as a percentage of Dsc2-GFP vesicles. The percentage of long- 
range movements is partially restored by the KHC-mCherry rescue construct (P = 0.001). n above the bars represents the number of vesicles trajectories 
that have been analyzed. Number of cells: nontargeting siRNA = 8, siKIF3A = 10, and siKIF3A + KIF3A-RFP = 8. 
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Figure 7. Knockdown of KIF3A or KAP3 affects Dsc2, but not Dsg2, accumulation at junctions in Scc9 cells. KIF3A and KAP3 (kinesin-2 intermediate chain) 
functions were targeted with shRNA or siRNA, respectively. (A) Immunoblot demonstrating ~50% reduction of KIF3A in shRNA-transfected cells (n = 3; *, P < 
0.05). a-Tubulin (Tub) is the loading control. (B) Immunoblot demonstrating ~60% decrease in KAP3 in siRNA-transfected cells (n = 5; *, P < 0.05). No 
change in expression of Dsg2 and Dsc2 was observed. (C) Scc9 cells were transiently transfected with a GFP-shRNA construct against KIF3A or nontarget- 
ing (NT) shRNA for 2 d, replated and, after 24 h, fixed and labeled either for Dsg2, Dsc2, or E-cadherin (E-cad). Knockdown (KD) of KIF3A (cells with GFP) 
delays Dsc2 recruitment into newly forming junctions but does not have a measurable effect on Dsg2 or E-cadherin localization at cell-cell borders. (D) Line 
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(Fig. 7, C and D; and Fig. S4, B and C). The same was observed 
in KAP3-silenced cells (Fig. 7, E and F). The accumulation of 
Dsg2 and E-cadherin at the cell junctions was not affected by 
KIF3A or KAP3 depletion (Fig. 7, C-F; and Fig. S4, B and C), 
whereas Pg and DP localization was only modesty altered (by 
~15% for Pg and ~10% for DP) in KIF3A-deficient cells 
(Fig. S5, A and B). 

Altogether, these findings demonstrate that desmosomal 
cadherins Dsg2 and Dsc2 use distinct mechanisms for long- 
range transport from a vesicular compartment to sites of junc- 
tion assembly at the plasma membrane. Furthermore, specific 
impairment of kinesin-1 or -2 leads to the formation of junc- 
tions depleted of the respective desmosomal cadherin cargo. 

PKP2 Cplakophilin 21 is required for long- 
range transport: of DscS but: not: DsgS 

The cadherin-associated armadillo protein pi 20 catenin pro- 
vides a link between kinesin and N-cadherin during its traffick- 
ing to the plasma membrane (Chen et al., 2003). To test whether 
pl20-related desmosomal proteins called plakophilins partici- 
pate in Dsg2 or Dsc2 transport, we performed live-cell imaging 
experiments in Scc9 cells in which PKP2 or PKP3 were silenced 
(Fig. 8 D and not depicted). PKP1 is not present in junctions in 
this cell type; therefore, we did not carry out silencing experi- 
ments for this family member. PKP2 knockdown inhibited Dsc2 
(Fig. 8, A and B), but not Dsg2 (Fig. 8, A and C), movements, 
whereas PKP3 knockdown did not block desmosomal cadherin 
trafficking (not depicted). Desmosome assembly and other 
PKP2 functions are rescued by a silencing-resistant construct in 
Scc9 cells treated with this siRNA (Bass-Zubek et al., 2008; 
Godsel et al., 2010). We also silenced a related protein p0071 
(PKP4), which had previously been shown to interact with the 
kinesin-2 subunit KIF3B (Keil et al., 2009). p0071 knockdown 
had no effect on the transport of either desmosomal cadherin 
(unpublished data). 

Loss of kinesin-1 or kinesin-2 weakens 
intercellular adhesion 

Previous studies demonstrated that to form robust cell-cell ad- 
hesion, coexpression of both desmosomal cadherins proteins, 
Dsgs and Dscs, is required (Amagai et al., 1994; Chidgey et al., 
1996; Kowalczyk et al., 1996; Marcozzi et al., 1998). To test 
whether interference with kinesin- 1 or kinesin-2 trafficking im- 
pairs intercellular adhesion, we subjected silenced cultures to a 
mechanical dissociation assay. In each experiment, a confluent 
monolayer of cells was enzymatically released from the cell cul- 
ture dish and subjected to mechanical stress to generate frag- 
ments of the epithelial sheet (Fig. 9 A). Silencing either kinesin- 1 
or kinesin-2 function weakened intercellular adhesive strength, as 
indicated by the increased number of fragments observed in me- 
chanically challenged kinesin- 1- and kinesin- 2-deficient epithelial 



sheets (Fig. 9 B). Importantly, double knockdown of KHC and 
Dsg2 did not significantly increase tissue fragility over kinesin- 1 
silencing only, whereas double knockdown of kinesin- 1 and 
Dsc2 weakened adhesion by approximately fivefold. Similarly, 
double knockdown of KIF3A and Dsc2 did not increase tissue 
fragility over KIF3A silencing only, whereas double knock- 
down of KJF3 A and Dsg2 weakened adhesion to about the same 
extent as KHC plus Dsc2 knockdown. Interestingly, targeting 
the Dsc2 system had a more dramatic impact on adhesion 
strength, whether this was through Dsc2 knockdown or kinesin-2 
knockdown. These data provide compelling support for the 
functional specificity of these motor-cadherin pairings in cell- 
cell adhesion. 

Discussion 

Desmosomes are highly dynamic structures that assemble and 
disassemble during the morphogenesis and remodeling of tis- 
sues. Although protein-protein interactions that give rise to the 
final form of this organelle have been well studied, the machin- 
ery responsible for transporting desmosomal cadherins to the 
plasma membrane had not been addressed. Here, we demon- 
strate that molecular motors in the kinesin superfamily govern 
long-range MT-dependent trafficking of both Dsg2 and Dsc2, 
the most widely expressed desmosomal cadherins. Transport of 
these junctional proteins depends on the activities of two dis- 
tinct motors, kinesin- 1 and kinesin-2, and both motors are re- 
quired to form a functional adhesive interface. 

Our data are consistent with previous studies suggesting 
that desmosome components exhibit distinct biochemical and 
kinetic behaviors. Metabolic labeling and pulse-chase experi- 
ments previously demonstrated that desmosomal cadherins turn 
over at different rates (Penn et al., 1987), and newly synthesized 
components of the cytoplasmic plaque and membrane core are 
assembled with different kinetics (Pasdar and Nelson, 1989). 
Ultrastructural observations suggest that the initial phases of 
desmosome assembly occur in two steps in MDCK cells: in 
the first 30 min after a calcium switch, Dsc2-enriched vesicles 
are transported via small ^60-nm vesicles to the plasma mem- 
brane, where they are gradually stabilized by a second wave of 
^200-nm vesicles enriched with Dsg2 and associated armadillo 
proteins (Burdett and Sullivan, 2002). Live-cell imaging allowed 
us to directly observe the dynamic behaviors of the two types of 
desmosomal cadherin and their response to specific genetic per- 
turbations. The identification of distinct molecular machinery 
responsible for governing Dsg2 and Dsc2 trafficking provides 
a potential explanation for the previously described differences 
in desmosomal cadherin behavior. 

Although MT organization in keratinocytes has recently 
been demonstrated to be regulated by desmosomes (Lechler and 
Fuchs, 2007), the extent to which MTs contribute to the formation 



scan analysis of border intensities for Dsc2, Dsg2, and E-cadherin were performed for ~50 borders per each condition with three times scans per border 
(n = ~150 for each condition). Borders were chosen randomly from three independent experiments per condition. KIF3A knockdown results in a decrease 
of peak intensity for Dsc2 at cell-cell borders compared with the control cells (P = 0.01). (E) Scc9 cells were transfected with siRNA oligos against KAP3 
or control siRNA for 2 d, replated, and after 24 h, labeled either for Dsg2 or Dsc2. (F) KAP3 knockdown results in loss of the peak intensity for Dsc2 at the 
cell-cell border (P < 0.001). pxl, pixel. Bars, 20 urn. 
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Figure 8. PKP2 is required for long-range transport of Dsc2 but not Dsg2. (A] Scc9 cells were treated with control or siPKP2 oligos mixed with siGLO 
(positive transfection indicator) and imaged 3 d after transfection. First frames show areas (boxes) analyzed in control or PKP2-deficient cells, and the three 
magnified columns show selected vesicles (colored arrows) at three time points. Vesicle trajectories taken from the analyzed area are shown on the right, 
where colored tracks represent the movement of selected vesicles. Bars, 20 urn. (B) Bar graphs show quantification of distribution of particle movements 
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Figure 9. Loss of kinesin-1 or -2 results in weakened cell-cell adhesion. (A) Confluent monolayers of Scc9 keratinocytes after 72-h siRNA transfection with 
either kinesin-1 (KHC] or kinesin-2 (KIF3A) or doubly silenced for kinesin-1 /Dsg2, kinesin-1 /Dsc2, kinesin-2/Dsg2, or kinesin-2/Dsc2 were subjected to a 
dispose mechanical dissociation assay in triplicate. Cells were incubated with dispose enzyme to lift the cells from the dish, and the intact monolayer was 
subjected to mechanical stress. Increasing amounts of fragments indicate the loss of cell-cell adhesion. (B) Bar graphs show quantification of fragmentation 
as an average from at least three experiments. ***, P < 0.001 for pairs siKHC/siKHC+siDsc2, siKHC+siDsg2/siKHC+siDsc2, siKIF3A/siKIF3A+siDsg2, 
and siKIF3A+siDsc2/siKIF3A+siDsg2. P < 0.01 for pairs nontargeting (NT) siRNA/siKHC and nontargeting siRNA/siKIF3A. P < 0.05 for the pair siKHC/ 
siKIF3A. (C) Level of Dsg2 and Dsc2 knockdowns (KD) in dispose experiments shown by Western blots (compiled data from the same blots). Level of knock- 
down for Dsg2 was ~70% (*, P < 0.05) and ~90% for Dsc2 (***, P < 0.001 ; n = 3 for both). The protein expression levels of the partner desmosomal 
cadherins and E-cadherin (E-cad) were unchanged. Levels of KHC and KIF3A knockdowns were comparable with that shown in Fig. 2 F and Fig. 5 D. Black 
lines indicate that intervening lanes have been spliced out. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. 



(equal to instantaneous velocity; for each set of bars **, P < 0.01 ) and the ratio of rapid movements to the average amount of analyzed particles (10-1 5 
particles per cell) in each cell (three to four cells were analyzed per experiment) for Dsc2 in control and knockdown conditions. In PKP2-deficient cells, the 
amount of the particle movements as well as the ratio of rapid movements for Dsc2 was dramatically decreased compared with the control cells (**, P < 
0.01 for the ratio of rapid movements). (C) Distribution of long vectors and the ratio of long vectors to the average amount of analyzed particles (10-15 
particles in each cell) for Dsg2 in cells with PKP2 knockdown are similar to that observed in control cells (P = 0.9). (D) Immunoblot showing level of PKP2 
knockdown (~60%, n = 3; *, P < 0.05) for experiments in A and B. NT, nontargeting; Tub, tubulin. 
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Figure 10. Model of Dsg2 and Dsc2 intracellular trafficking to the plasma membrane. Desmosomal cadherins exist in separate intracellular vesicular 
compartments that are transported using distinct motors. Dsg2-containing vesicles move inside the cell using the kinesin-1 motor protein, whereas kinesin-2, 
in cooperation with PKP2, is responsible for Dsc2 dynamic behavior. IF, intermediate filament. 



of intercellular junctions is not well understood. Several lines of 
evidence support the idea that biogenesis of cell-cell contacts 
requires not only MTs but also MT-dependent membrane trans- 
port. Depolymerization of MTs with nocodazole in mammary 
tumor cell lines perturbs the ability of cells to accumulate 
E-cadherin at cell-cell contacts (Stehbens et al., 2006). Simi- 
larly, nocodazole treatment of fibroblasts prevents N-cadherin 
transport from the Golgi to the plasma membrane and abolishes 
cell-cell contact formation (Mary et al., 2002). In addition, 
cell-cell adhesion was disrupted after MT depolymerization in 
newt lung epithelial cells (Waterman-Storer et al., 2000). Finally, 
an intact MT cytoskeleton is required for proper trafficking of 
connexins, the proteins that form gap junctions, and in vivo, 
nocodazole treatment markedly reduced connexin concentra- 
tion at the cell-cell borders (Shaw et al., 2007). 

Here, we demonstrate the importance of the MT network 
for rapid desmosomal cadherin translocation toward the plasma 
membrane. After nocodazole treatment, the appearance of both 
desmosomal cadherins at the newly formed junctions was dra- 
matically delayed compared with DMSO-treated cells. Dsg2 and 
Dsc2 began to recover and appear at contact sites within ^4.5 h 
after the initiation of junction assembly, a time period that was 
three times slower than in control cells. One possible explana- 
tion for this recovery may be the delivery of proteins derived 
from Golgi ministacks near the plasma membrane, as a result 
of Golgi fragmentation and redistribution reported to occur under 
these experimental conditions (Cole et al., 1996; Storrie et al., 
1998). Because some previous work suggested that MTs might 
not be required for desmosome assembly (Pasdar et al., 1992), 



we also cannot completely exclude the possible contribution of 
the cortical actin cytoskeleton in desmosomal cadherin traffick- 
ing. It is expected that this type of transport would be slower 
and be used mostly for translocation of recycled copies of desmo- 
somal cadherins from the cortical actin network to the plasma 
membrane during desmosome reorganization. 

Our data support a model whereby the cytoplasmic tail 
domains of Dsg2 and Dsc2 provide a scaffold for the associa- 
tion of kinesin-1 and -2, respectively, which are responsible for 
the transport of their specific cadherin cargoes (Fig. 10). However, 
coimmunoprecipitation to identify interactions between endog- 
enous desmosomal cadherins and kinesins was hampered by the 
limited availability of a soluble pool of Dsg2 and Dsc2. To over- 
come this challenge, we used the PLA technique, which identi- 
fies endogenous protein-protein interactions in situ (Soderberg 
et al., 2006; Leuchowius et al., 2009). These experiments dem- 
onstrated specific interactions between Dsg2-KHC and Dsc2- 
KIF3A, both of which require the presence of the respective 
motor proteins. 

It was previously determined that pi 20 catenin forms a 
complex with KHC and provides the link between kinesin and 
N-cadherin during its trafficking to the plasma membrane. Dis- 
ruption of the interaction between the cadherin and pi 20, or the 
interaction between pi 20 and kinesin-1, leads to decreased 
N-cadherins at cell-cell contacts during junction reassembly 
(Chen et al., 2003). Here, we demonstrate that silencing the pl20- 
related proteins PKP3 or p0071; the latter, which was previously 
shown to associate with KIF3B, does not affect either Dsg2 
or Dsc2 transport. However, PKP2 is required for the rapid 
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intracellular trafficking of Dsc2 but not Dsg2. Although our pre- 
vious data support an association between PKP2 and both des- 
mosomal cadherin tails in epithelial cells (Chen et al., 2002), the 
current work suggests that the interaction between PKP2 and 
the Dsc2 cytoplasmic tail plays a specific role in MT-dependent 
transport of this cadherin. The mechanism by which Dsg2 couples 
to KHC is not known but could potentially be through kinesin 
light chains, as it was previously reported that kinesin light 
chain can modulate the cargo-binding affinity to the motor 
(Hirokawa et al., 1989; Stenoien and Brady, 1997). 

Kinesin deficiency dramatically weakened the cell-cell 
adhesive strength of confluent epithelial sheets. This was in spite of 
the fact that loss of Dsg2 or Dsc2 at the cell junction area in 
kinesin- 1- or -2-depleted cells had either no measurable, or only 
modest, effects on the accumulation of E-cadherin, the partner 
desmosomal cadherin, or plaque components at the plasma 
membrane. The data are consistent with the idea that the re- 
maining desmosomal cadherin interactions are sufficient to 
stabilize other junctional molecules at the site of cell-cell con- 
tacts but are insufficient to build normal functional desmosomes 
that provide strong intercellular adhesion. These findings differ 
somewhat from a recent observation that interference with a 
Sec3-containing exocyst complex has a broad effect on the mor- 
phology and function of desmosomes, accompanied by de- 
fects in the distribution of multiple components (Andersen and 
Yeaman, 2010). 

Although we cannot rule out a functional loss of an un- 
related membrane adhesion protein, overall, loss of kinesin 
trafficking appears to be surprisingly specific in its effects on 
membrane organization. Indeed, kinesin- 1/Dsg2 double knock- 
down did not significantly alter adhesion strength, supporting 
the idea that Dsg2 likely depends almost exclusively on this 
motor protein for its cell surface presentation. In dramatic 
contrast, kinesin- 1/Dsc2 double knockdown decreased adhe- 
sion strength approximately fivefold, which would be pre- 
dicted if these manipulations target mechanistically distinct 
adhesion mechanisms. Similar results were seen for kinesin-2/ 
Dsc2 double knockdowns. Interestingly, targeting the Dsc2 
system had a more dramatic impact on adhesion strength, pos- 
sibly offering one potential explanation for why separate 
mechanisms for regulating the cell surface levels of Dsgs and 
Dscs have evolved. 

Independent modulation of distinct kinesin motors in vivo 
could provide a way to tailor desmosome adhesive properties. 
Indeed, by varying the ectopic expression level of Dsgl relative 
to Dsc 1 in mouse L cell fibroblasts, we previously demonstrated 
that the Dsgl/Dscl ratio is a critical determinant of desmosomal 
adhesion in fibroblasts (Getsios et al., 2004). Independent regu- 
lation of cell surface desmosomal cadherins could thus serve as 
an adhesion rheostat during dynamic cell movements that occur 
during epithelial morphogenesis and remodeling. It also seems 
possible that kinesin-dependent trafficking of desmosomal cad- 
herins could be a target in human disease. Deficiency in kinesin 
transport is associated with the development and progression of 
neurological disorders (Tanaka et al., 1998), including Alzheimer's 
(Stokin et al., 2005; Terada et al., 2010) and Huntington's dis- 
ease (Colin et al., 2008; Twelvetrees et al., 2010). Furthermore, 



alterations in the expression and function of kinesins have been 
associated with epithelial and neuronal cancers (Teng et al, 2005; 
Nindl et al., 2006). Both skin and heart disease (i.e., arrhythmo- 
genic right ventricular cardiomyopathy) are caused by mutations in 
desmosome molecules, and it will be interesting to determine 
whether any of these mutations interfere with kinesin binding 
and desmosomal cadherin trafficking. 

Materials and methods 

cDNA and RNAi constructs 

Dsg2-FLAG-EGFP (Klessner et al., 2009) has been described previously. In 
brief, cDNA of human Dsg2 fused with a C-terminal FLAG epitope was 
subcloned into pEGFP-N2 (Takara Bio Inc.] using the BamHl restriction 
site. Dsg2-mCherry was created by PCR amplifying the Dsg2 into pm- 
Cherry N 1 Xhol and Sacll restriction sites. pmCherry was generated by ex- 
cising EGFP cDNA from the pEGFP Nl vector (Takara Bio Inc.) using Agel 
and BsrGI and incorporating PCR-amplified mCherry cDNA into the Agel- 
BsrGI gap of the pEGFP N 1 vector. Dsc2GFP was a gift from S. Troyanovsky 
(Northwestern University, Chicago, IL; Windoffer et al., 2002). Dsg2 tail-GST 
has been described previously (Brennan et al., 201 1 ). Dsc2 tail-GST was 
generated by incorporating PCR-amplified cDNA encoding intracellular 
domain of Dsc2 (nt 2,603-3,158 available from GenBank/EMBL/DDBJ 
under accession no. NM_024422.3) into BamHl and Notl restriction sites 
of the PGEX4T-1 vector (GE Healthcare). 

mCherry-KIF5B was generated by incorporating PCR-amplified cDNA 
encoding full-length KIF5B into mCherry vector by standard Gateway protocol: 
KIF5B forward primer, 5 '-GGGGACAAGTTTGTACAAAAAAGCAGG 
CTTC ATGGCGG ACCTGGCCGAG3 ' , and reverse primer, 5'GGGGACCAC- 
TTTGTACAAGAAAGCTGGGTCCACTTGTTTGCCTCCTCCACCTCG-3 ' . 
Monomeric RFP (mRFP)-KIF3A was generated by incorporating full-length 
KIF3A inserted into His/mRFP Sacl and Kpnl restriction sites. KIF5B tail— His 
(Jaulin et al., 2007) has been described previously. In brief, the KIF5B tail 
was amplified by PCR from human A549 cells and cloned into the mammalian 
Gateway (Invitrogen) expression vector. pSuper-mCherry shRNA KHC (shKHC) 
and pSuper nontargeting negative control were gifts from J. Sznajder (North- 
western University, Chicago, IL). pMIRAGEG shKIF3A was generated by cloning 
a microRNA annealed duplex (as was previously described in Brummelkamp 
et al., 2002) into the pMIRAGEG BstXI site. pMIRAGE-G and the construct 
encoding mCherry-tagged (3-tubulin were gifts from S. Kojima (Northwestern 
University, Evanston, IL). A construct encoding Myc-tagged rat KHC was 
provided by KJ. Verhey (University of Michigan Medical School, Ann Arbor, 
Ml; Verhey et al., 1998). The DN mutants for the kinesins used were the 
RFP-tagged KIF5B tail construct (aa 780-963) and the RFP-tagged KIF3A 
motorless construct (aa 357-702; Jaulin et al., 2007). 

Nontargeting siRNA (negative control); siGLO (positive transfection 
indicator; Thermo Fisher Scientific); siRNA against KHC (Sigma-Aldrich) with 
targeting sequence (the same used for the pSuper-mCherry shKHC construct) 
5 '-AGATGTACTTGAAGGATAT-3 ' ; siRNA against KIF3A (Integrated DNA 
Technologies) with targeting sequences (the same used for the pMIRAGE-G 
shKIF3A construct) 5 '-GCAGATCAGATTGTCCTATGTTGC&3 ' and 5'-CCAA- 
GATGCCGATC AATAAATCAGA-3 ' ; siRNA against KAP3 (Sigma-Aldrich) 
with targeting sequence 5'-GTGTCGAGTTAGCTACAAA-3'; siRNA against 
hDsg2 (Integrated DNA Technologies) with targeting sequence 5'-CCTGG- 
AAGCAGAGACAGTGTGGTCCTT-3 '; and siRNA against hDsc2 with tar- 
geting sequence 5 '-AGAGAGAC ACTATAAAC AAGTAC AC-3 ' were used 
for siRNA experiments. hPKP2 siRNAs were previously described (SMART 
pool; Thermo Fisher Scientific) with targeting sequences 5'-GAGGAACCATT- 
GCAGATTA-3', 5 '-CAACGTCACTGGATGCCTA-3 ' , 5'-GCACGCGACC- 
TTCTAAACA-3', and 5 '-GAGTATGTCTAC AACCTAC-3 ' , and silencing-resistant 
constructs were shown to rescue desmosome assembly and other PKP2- 
dependent functions for these targeting sequences (Bass-Zubek et al., 2008; 
Godsel etal., 2010). 

Cell culture and transfections 

Scc9 and A431 cell lines were grown in DME/F12 (50:50 mix; for Scc9) or 
in DME (for A431) media supplemented with 10% FBS, 100 U/ml penicillin, 
and 1 00 (jg/ ml streptomycin (Mediatech). All experiments were performed 
in normal growth media with 1 .2 mM Ca 2+ , unless if other conditions state 
specifically. For transient transfection of cDNAs, Lipofectamine 2000 (Invitro- 
gen) was used according to the manufacturer's protocol, and cells were 
assayed 24 h later. siRNAs (20-50 nM per experiment) were transiently 
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transfected using DharmaFECT 1 (Thermo Fisher Scientific). In this case, cells 
were analyzed 72-96 h after transfection. For microinjection experiments, 
Scc9 cells (80-90% confluent) were trypsinized and electroporated with 
20 nM control, KHC-, or KIF3A-targeting siRNAs using the Nucleofector 
System (Lonza). 2 d later, cells were split and seeded onto coverslips and 
into 6-well plates. On the next day, cells on coverslips were injected for 
time-lapse imaging. For retrovirus infections, cells at 20% confluency were 
incubated in growth media containing 4 pg/ml polybrene hexadimethrine 
bromide (Sigma-Aldrich) and retrovirus supernatants. Retrovirus superna- 
tants were generated as previously described in Getsios et al. (2004). In 
brief, Phoenix cells transiently transfected with retroviral cDNAs constructs 
were harvested at 70% confluency for 12-24 h at 32°C, and then retro- 
virus supernatants were collected and concentrated using a column (Centri- 
con Plus-20; Millipore). 

Antibodies and chemical reagents 

The following primary antibodies were used: mouse monoclonal 4B2 (Getsios 
et al., 2004) against Dsg2; rabbit polyclonal RB5 against Dsg2 (PROGEN 
Biotechnik); mouse monoclonal 6D8 against Dsg2 and 7G6 against 
Dsc2 (gifts from J. Wahl III, University of Nebraska Medical Center, Omaha, 
NE); mouse monoclonal HECD1 against E-cadherin (gift from M. Takeichi 
and O. Abe, RIKEN Center for Developmental Biology, Kobe, Japan); rab- 
bit polyclonal NW6 against DP (Angst et al., 1 990); chicken polyclonal 
1 407 against Pg (Aves Labs, Inc.); mouse monoclonal MAB601 3S against 
PKP2 (BioDesign, Inc.); mouse monoclonal H2 (Millipore) and goat mono- 
clonal anti-KIF5B (Sigma-Aldrich) against KHC; mouse monoclonal K 2.4 
(Covance) and rabbit polyclonal Anti-KIF3A (Abeam) against KIF3A; goat 
polyclonal N-19 against the KAP3 subunit (Santa Cruz Biotechnology, 
Inc.); mouse monoclonal DMl-a (Sigma-Aldrich) against a-tubulin; rabbit 
polyclonal anti-glyceraldehyde 3-phosphate dehydrogenase (Abeam); rabbit 
polyclonal anti-Myc (Bethyl Laboratories, Inc.); and goat polyclonal anti-GST 
(GE Healthcare). Secondary antibodies used for Western blotting included 
goat anti-mouse, -rabbit, and -chicken peroxidase and rabbit anti-goat 
peroxidase (Rockland Immunochemicals, Inc.; Kirkegaard & Perry Laborato- 
ries, Inc.). Secondary antibodies used for immunofluorescence included goat 
anti-mouse, -rabbit, and -chicken conjugated with Alexa Fluor 488 or 568 nm 
(Invitrogen) and donkey anti-goat and -mouse conjugated with Alexa Fluor 
488 or 568 nm (Invitrogen). For staining mitochondria, 200 nM MitoTracker 
red CMXRos was added to the culture medium, and the cells were incubated 
for 30 min at 37°C before being washed with PBS and fixed. 

Calcium switch and nocodazole treatment 

Cells were incubated in low-calcium medium (DME with 0.05 mM Ca 2+ ) for 
3 h and switched to normal growth media containing ~1 .2 mM Ca 2+ to in- 
duce cell junction assembly for <30 min or 1 .5 h and processed for immuno- 
fluorescence analysis. For experiments to depolymerize MTs, cells were 
treated with 1 0 uM nocodazole (Sigma-Aldrich) for 1 h at 37°C, added to 
low-calcium medium after 2 h incubation, switched to normal growth media 
with the same nocodazole concentration, and fixed for immunofluores- 
cence after 30 min. 

Immunofluorescence analysis and image acquisition 

Cells were seeded onto glass coverslips for >1 2 h after splitting. For immuno- 
fluorescence analysis, cells were washed in PBS, fixed either in anhydrous 
ice-cold methanol for 2 min at — 20°C or 4% formalin solution for 20 min at 
room temperature, and processed for indirect immunofluorescence using 
Rb5 (1:100), 4B2 (1:100), 7G6 (1:100), HECD1 (1:100), NW6 (1:50), 
1407 (1 :100), or DMl-a (1 : 1 00) for 1 h at room temperature. When using 
4% formalin, fixed cells were extracted with 0. 1 % Triton X-l 00 and 1 mg/ml 
BSA for 30 min at room temperature immediately after fixation. After incu- 
bation with secondary antibodies (1 :300 dilution for 30 min at 37°C) cover- 
slips were mounted in polyvinyl alcohol (Sigma-Aldrich). Cells were 
visualized with a wide-field microscope (DMR; Leica) or a confocal micro- 
scope (LSM 510; Carl Zeiss). The DMR microscope images were gener- 
ated using 40 and 63x objectives (PL Fluotar, NA 1 .0), a digital camera 
(ORCA-100 model C4742-95; Hamamatsu Photonics), and MetaMorph 
7.6 software (Molecular Devices). The LSM 510 confocal microscope was 
fitted with 63 and lOOx objectives (Plan Apochromat, NA 1 .32 and NA 
1 .4; Carl Zeiss) and ZEN software (version 5,5,0,375; Carl Zeiss). Images 
were further processed using Photoshop (CS3; Adobe) and compiled using 
Illustrator (CS3; Adobe). 

PLA 

Reagents for the PLA of kinesin-cadherin interaction in situ were purchased 
from Olink Biosciences through Axxora LLC. PLA was performed accord- 
ing to the manufacturer's protocol (Duolink In Situ PLA; Olink Bioscience). 



In brief, cells were stained with primary antibodies (dilution 1:200) as 
described in the Immunofluorescence analysis and image acquisition sec- 
tion followed by incubation for 1 h at 37°C with oligo-linked secondary 
antibodies. Close proximity (~20-l 00 nm) of target antigens allows their 
respective secondary antibody nucleotide sequences to hybridize. 30-min 
incubation at 37°C with ligase and additional oligos provide a closed 
DNA circle formation. A subsequent step involving polymerase-driven 
rolling circle amplification incorporates fluorescently labeled nucleotides, 
which fluoresce in the red channel when excited. Fluorescent spots appear- 
ing at the site of kinesin-cadherin interactions were detected by wide-field 
microscopy (DMR) and compiled by ImageJ software (National Institutes 
of Health). 

Time-lapse fluorescence imaging 

Cells growing on 2-well Laboratory-Tek chambered coverglass (Thermo 
Fisher Scientific) were transiently transfected or retrovirally infected. 24 h 
later, the normal growth medium was changed to imaging medium (Hank's 
balanced salt solution, 20 mM Hepes, 1 0% FBS, 2 mM L-glutamine, 4.5 g/liter 
glucose, and amino acids) at 37°C for 15-30 min and then processed for 
time-lapse imaging. Time-lapse image recordings were acquired using two 
imaging systems: (1) an inverted microscope (DMI 6000B; Leica) with mer- 
cury illumination fitted with ORCA-ER (for dual-color imaging) and ImagEM 
electron multiplier charge-coupled device (for one-color time-lapse imaging) 
cameras (Hamamatsu Photonics) and a lOOx objective (HCX Plan Apo- 
chromat, oil, NA 1 .40) and (2) an Application Solution Multidimensional 
Workstation (Leica) equipped with an inverted microscope (DMIRE2; 
Leica), lOOx objective (HCX Plan Apochromat, oil, NA 1 .35), and a cam- 
era (CoolSNAP HQ; Roper Scientific). Both are housed inside a tempera- 
ture-controlled 37°C climate chamber. Each frame was captured at 1-s 
intervals for 3 min using Simple PCI 6 software (Hamamatsu Photonics) or 
5-s intervals for 2 and 5 min using Application Solution Multidimensional 
Workstation. All videos were compiled using MetaMorph 7.6 imaging 
software and ImageJ. 

Microinjection and time-lapse imaging 

Cells were seeded onto sterilized coverslips and grown 24 h before micro- 
injection. Microinjection was performed essentially as previously described 
(Jaulin et al., 2007). In brief, cells were pressure microinjected intranucle- 
arly with cDNAs in HKCI (10 mM Hepes and 140 mM KCI, pH 7.4) using 
a micromanipulator (Narishige). cDNA concentrations in the needle were 
50 pg/mh 1 for GFP-Dsg2 and GFP-Dsc2 and 20 ug/mM for full-length 
mCherry-KIF5B and mRFP-KIF3A. Cells were incubated at 37°C for 90-1 20 min 
to allow for expression of cDNAs, transferred to recording medium (Hank's 
balanced salt solution with 1% FBS, 20 mM Hepes, and 4.5 g/liter glu- 
cose), and placed in a temperature-controlled recording chamber at 37°C 
on a microscope (TiE; Nikon) for time-lapse imaging. For rescue experiments, 
cDNAs encoding full-length kinesins and Dsg-2 or Dsc-2 were coinjected 
into cells transfected with siRNAs targeting KHC or KIF3A. Images were 
acquired at 2-s intervals for 3 min with a 60x water immersion objective 
and a charge-coupled device camera (ORCAII-ER; Hamamatsu Photonics). 
All devices were controlled by MetaMorph. 

Protein expression, purification, and pull-down assay 

pGEX-GST, P GEX-GST-Dsg2, P GEX-GST-Dsc2, and pDESTl 7-His-Kif5B 
were transformed into Rosetta competent cells (EMD). Cells were grown at 
37°C until OD 60 o « 0.9 and cooled down to 22°C. 100-200 uM IPTG 
was added, and culture grew for another 4 h at 22°C. Cells were har- 
vested and resuspended in lysis buffer (50 mM Tris-HCI, pH 7.5, 100 mM 
NaCI, 5 mM MgCI 2 , and 0.5% Triton X-l 00) plus protease inhibitor cock- 
tail (Roche). Cells were further lysed by sonication on ice (eight times with 
1 5-s burst with 30-s interval). Unlysed cells and debris were removed by 
centrifugation (1 0,000 g for 20 min at 4°C). Cleared cell lysate were incu- 
bated with glutathione-Sepharose 4B (GE Healthcare) for GST-tagged 
proteins or Ni-nitrilotriacetic acid agarose (QIAGEN) for His-tagged pro- 
tein for 2 h at 4°C. Beads with pulled down complexes were washed with 
PBS (four times for 1 0 min). 

Scc9 or A431 cells were lysed with 1 ml ice-cold lysis buffer (1% 
NP-40, 1 45 mM NaCI, 1 0 mM Tris-HCI, pH 7.4, 1 0% glycerol, 5 mM EDTA, 
2 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor 
cocktail ± 1% phosphatase inhibitor cocktail IV [EMD]). Lysates were incu- 
bated with equal amount of GST/GST-f used proteins or Ni-agarose/ 
His-tagged proteins conjugated with agarose overnight at 4°C. Beads were 
washed extensively (three times for 10 min each) with lysis buffer, and 
bound proteins were fractionated by 10 or 7.5/1 2% SDS-PAGE followed 
by immunoblotting as described previously (Chen et al., 2002). 
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Immunoprecipitation and immunoblotting 

Whole-cell lysates were generated using urea sample buffer (8 M deionized 
urea, 1% SDS, 10% glycerol, 60 mM Tris, pH 6.8; 0.1% pyronin-Y, and 
5% (3-mercaptoethanol). Immunoprecipitation and immunoblotting were 
described previously (Chen et al., 2002). In brief, cells were lysed with 
1 ml ice-cold lysis buffer (1% NP-40, 145 mM NaCI, 10 mM Tris-HCI, 
pH 7.4, 1 0% glycerol, 5 mM EDTA, 2 mM EGTA, 1 mM phenylmethyl- 
sulfonyl fluoride, and protease inhibitor cocktail ± 1% phosphatase inhibitor 
cocktail IV). Myc-tagged KHC was immunoprecipitated with anti-Myc-agarose 
(Sigma-Aldrich). Immunoreactive proteins were visualized using enhanced 
chemiluminescence. Antibody dilutions are as follows: 6D8 (1 :500), 7G6 
(1 : 1,000), HECD1 (1:1,000), DM1 -a (1:1,000), anti-KIF5B (1 :500), K2.4 
(1 :2,000), N-19 (1 :500), and anti-glyceraldehyde 3-phosphate dehydro- 
genase (1 :2,000). 

Biotinylation assay 

Cells were rinsed two times in ice-cold PBS with 1 .2 mM Ca 2+ and incu- 
bated with 2 mg/ml Sulfo-NHS-SS-biotin (EZ-Link; Thermo Fisher Scientific) for 
30 min at 4°C in a dark room. Excess biotin was removed with 100 mM 
glycine in PBS by washing three times, 10 min each. Cells were washed 
one more time with PBS and lysed in radioimmunoprecipitation assay buf- 
fer (10 mM Tris, pH 7.5, 140 mM NaCI, 1% Triton X-100, 0.1% SDS, 
0.5% sodium deoxycholate, 5 mM EDTA, and 2 mM EGTA) containing 
protease inhibitor. Lysates were spun down at 1 4,000 rpm for 30 min, and 
supernatants were normalized for total protein. 30 ul of each lysate was 
saved for an input loading. Biotinylated proteins were pulled down with 40 pi 
streptavidin beads (Thermo Fisher Scientific) at 4°C overnight followed by 
several washes with radioimmunoprecipitation assay buffer. Complexes 
were released using Laemmli buffer at 95°C and analyzed by immunoblotting 
(see Immunoprecipitation and immunoblotting section). 

Dispose mechanical dissociation assay 

Dispose assays were performed as described previously (Hudson et al., 
2004; Hobbs et al., 201 1). Cells were transfected with the appropriate 
siRNA, and 48 h after, Ca 2+ concentration of medium was reduced from 
1 .2 to 0.5 mM. Confluent cell cultures were rinsed with PBS and incubated 
with 2.4 U/ml dispose (Roche) for 30 min at 37°C. Released monolayers 
were rotated on an orbital shaker (150 rpm) for 20 min before imaging. 
Fragments were visualized with a dissecting microscope (MZ6; Leica), and 
the final images were obtained with a camera (C4742-95; Hamamatsu 
Photonics) attached to a stereomicroscope (MZ FL III; Leica). The number of 
fragments was counted by the ImageJ cell counter function (note that frag- 
ments <4 pixels in diameter were excluded from the quantification) and 
processed in Photoshop CS3. 

Quantification of fluorescence intensity of cell-cell borders and 
particle kinetics 

The fluorescence intensity of cell borders was determined by line scan 
analysis using ImageJ software. For each border, three independent areas 
with the same length and width were drawn at random positions, and the 
average pixel intensity was collected. At least three independent experi- 
ments were performed for each condition, and ~50 borders from those ex- 
periments were chosen randomly for analysis. All images were captured 
using the exact same parameters. Particle movement was analyzed using 
MetaMorph 7.6 software. The distance that each particle traveled between 
two consecutive frames was defined as movement and equaled instanta- 
neous velocity for the particles that were analyzed. A threshold of 0.25 urn 
was applied for determining rapid movement event, and movements >0.25 urn 
were used for calculations. The number of movements was normalized by 
the total number of particles that were analyzed in each video. At least 
three independent experiments were performed for each condition. Four to 
five cells from the experiments were chosen randomly for analysis, and 
>15 particles were analyzed in each video. The maximum projections of 
time-lapse videos were made using the stack arithmetic function in Meta- 
Morph 7.6 software, and distances of vesicle projections were analyzed 
by MetaMorph 7.6. 

Statistical analysis 

For all experiments, error bars represent SEM, and statistical analysis was 
performed using an unpaired two-tailed / test. 

Online supplemental material 

Fig. SI shows that the intracellular trafficking of Dsg2 is blocked by over- 
expression of a DN mutant of KHC in Scc9 cells. Fig. S2 shows that kinesin-1 
associates with Dsg2, whereas kinesin-2 associates with Dsc2 in A431 
cells, and knockdown of kinesin-1 impairs Dsg2 accumulation at the plasma 



membrane. Fig. S3 shows that silencing of KHC does not affect DP and Pg 
accumulation at sites of cell-cell contacts in Scc9 cells. Fig. S4 shows that 
knockdown of KIF3A (kinesin-2) prevents Dsc2, but not Dsg2, accumulation 
at intercellular junctions in A431 cells. Fig. S5 shows that blocking kinesin-2 
function by silencing KIF3A does not impair DP and Pg accumulation in inter- 
cellular junctions in Scc9 cells. Video 1 shows that Dsg2- and Dsc2-enriched 
vesicles traffic independently within living Scc9 cells. Videos 2 and 3 
correspond to Fig. 1 (B and C), respectively, in which Scc9 cells were 
cotransfected with Dsg2-GFP and tubulin-mCherry and show that Dsg2- 
enriched vesicles move along MTs. Videos 4 and 6 correspond to Fig. 3 
(A and E), respectively. Video 4 shows intracellular trafficking of Dsg2 and 
Dsc2 in either control cells or cells with knockdown of KHC. Video 6 shows 
a maximum projection time-lapse video of Scc9 cells that were transfected 
with nontargeting RNA or siKHC and subsequently microinjected with 
Dsg2-GFP/+KHC-mCherry. Video 5 corresponds to Fig. SI in which Scc9 
cells were cotransfected with Dsg2-GFP and with or without a DN mutant 
of KHC and shows that trafficking of Dsg2-containing vesicles was blocked 
in cells expressing the DN mutant of KHC. Videos 7 and 8 correspond to 
Fig. 6 (A and E), respectively. Video 7 shows intracellular trafficking of 
Dsg2 and Dsc2 in either control cells or cells with knockdown of KIF3A. 
Video 8 shows a maximum projection time-lapse video of Scc9 cells trans- 
fected with nontargeting RNA or siKIF3A and subsequently microinjected 
with Dsc2-GFP/+KIF3A-RFP. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.201 106057/DC1 . 
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